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(57) Abstract 

This invention is a method and apparatus for non-invasiveness in determining hematocrit, utilizing the frequency dependent electrical 
impedance characteristics of whole blood by electrically stimulating a patient body portion containing a vascular compartment with a 
current source over a range of frequencies. A hematocrit measurement system includes a signal generator and demodulator [SGD] (34) 
that sends an applied signal to an electrode pod (36) that applies a current to a limb of a patient. The electrode pod (36) receives resulting 
measured voltage signals and provides them to the SGD. The SGD provides to a personal computer [PC) (42) signals indicative of the 
current passing through the limb of the patient and the resulting voltage. The voltage and current may be measured for various frequencies 
over, for example, a range from about 10 kHz to about 10 MHz. The electrical impedance from the blood alone is isolated from the total 
limb impedance from the blood, tissue, bone. etc. by determining the difference between measurement at different blood volumes. The 
henuitocrit is determined by the PC based on inphase and quadrature data |m>vided by the SGD. A neural network (52) may be useful in 
detennining the hematocrit from the blood impedance patterns. 
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METHOD AND APPARATUS FOR NONINVASIVELY 
DETERMINING HEMATOCRIT 

S BACKGROUND QP THP. T NVENTIQN 

Field of the Invention: The present invention relates geneiaUy to 
detennination of the Packed Cell Volume or rdative volume peicrat of erythiocytes 
(red blood coipuscles), also known as the hematocrit, of whole blood, and more 
q)6cifically to a method and apparatus for making such deteraiination noninvasively 

10 through coherent techniques. 

State of the Art: Honatocrit is traditionally obtained by acquiring a patient 
blood sample from a vein via a syringe, or by use of a cs^illaiy tube from a finger 
stick, or puncture. The blood, contained in an elongated vessel, is then centxifuged 
and the height percentage of the column of blood in the vessel which is solid 

15 rq>resrats the hematocrit. 

More recCTtly. hematocrit has been obtained by the use of elaborate and 
e3q)ensive cell counting laboratory instruments which are also used to provide 
differentiations of white blood cells, platelets, etc. However, as with the centrifuge 
method, the blood must be invasively removed from die patient for analysis. 

20 In the course of routine medical procedures^ such as the daily blood woxk 

performed in hoq>itals. the necessity of obtaining blood samples from patients and 
then centrifuging or otherwise analyzing the drawn blood presents no great 
inconvenience, as the volume of samples is large (warranting expensive automated 
equipment) and the time delay in obtaining results from a laboratory is generally 

25 accq)table. However, in catastrophic situations such as are encountered in the 
emergency rooms and shock trauma units, as well as in the course of suigical 
procedures wherein blood loss is probable, the hematocrit detennination apparatus 
and methodology of the prior art are markedly deficient. 

In the foregoing environments, there may be no time to draw blood, and in 

30 fact it may be impossible to identify a vein from which to draw it. Drawing blood 
intermittently during surgical procedures is inconvenirat if not impractical, and 
analyzing periodic samples is time and labor intensive. Moreover, hematocrit may 
vary and drop at such an accelerated rate from unobserved blood loss that by the 
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time the emergeiicy or suigical peisonnd are belatedly made aware of a problem by 
laboiatoiy persomid, the patient may be in acute difficulty or even deceased. 

It has been proposed to measure hematocrit noninvasively, as noted in 
"Noninvasive Measurannt of Hraiatocrit by Electrical Admittance 
Plediysmogcaphy Technique," BEE Tnmsactions of Biom edical Enpfi«>rinp , Vol. 
BMB-27. No. 3, March 1980 pp. 156-161. However, the methodology described in 
the foregoing article involves submerging an extremity, such as a fmger, in an 
dectrolyte (NaQ solution) and varying the electrolyte concentration to compensate 
for pulsatile electrical ad mittanc e variations by matching the electrolyte resistivity to 
that of the blood in the extremity; the resistivity of the electrolyte is then 
detennined in a resistivity cell, and converted to a hematocrit value via a nonlinear 
least-squares regression calibration curve generated by matching cCTtrifiiged 
hraiatocrit for various erythrocyte concentrations to resistivity data previously taken 
directly from blood resistivity measurements of the same specimens. Aside Irom 
bdng unwieldy to employ in an emergency or operating room environment, to the 
invrators' knowledge the technique as described in the referenced article has never 
been followed up or verified by further research, or employed m practice. 

A measurement technique termed "impedance plethysmography," or using 
impedance techniques to obtain a waveform, is concq)tually rooted in biomedical 
antiquity. Medical literature abounds with vascular studies, respiration studies and 
attempts to determine cardiac output (the actual volume of blood flowing from the 
heart) by impedance techniques. None of these techniques has been proven to work 
particularly well, although there have been attempts at commercial instruments 
based on the concept. A variant of impedance plethysmography, however, 
electricaUy models intracellular as weU as an extracellular tissue components and 
employs a comparison of measuremmts of tissue impedance responsive to appUed 
electrical currents at two frequencies to quantify the intracellular and extracellular 
tissue components. While not directly related to the problem solved by the present 
invention, the electrical tissue model is useful to an understanding thereof. 

In recent years, a technique known as pulse oximetry has been employed to 
measure blood oxygenation during induction of general anesthesia. While pulse 
oximetry does not provide an hematocrit indication, one may consider it helpful to 
an understanding of the method and qjparatus of the preset invention. Pulse 
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oximetry lelies upon the fact that the light absoibance of oxygenated hemoglobin 
and that of vednoed hoioglobin differ at two wavelongths of light (genenlly red and 
near infiaied) mployed in an oximeter, and that the light absoxtances at both 
frequencies have a pulsatile component which is attributable to the fluctuating 
S volume of arterial blood in the patient body poition disposed between the light 
source and the detector of the oximetn. The pulsatile or AC absoibance leqranse 
component attributable to pulsating arterial blood is determined for each 
wavelength, as is the baseline or DC componmt which rq>iesents the tissue bed 
absoxbances, including venous blood, cq)illafy blood, and nonpulsatile arterial 

10 blood* The AC components axe thai divided by their respective DC components to 
obtain an absoibance that is independent of the incident light intensity, and the 
results divided to produce a ratio which may be empirically related to SaOj, or 
oxygen samiation of the padent*s blood. An excellent discission of pulse oximetry 
may be found in "Pulse Oximetxy," by K.K. Trcmper et al., Anesthesiology. Vol. 

IS 70, No. 1 (1989) pp. 98-108. 



SUMMARY O P THE INVENTION 
The preset invention provides a method and ai^>aiatus for noninvasive 
hematocrit detennination. In practicing the present invention, impedance of blood 
20 is measured via plication of stimulation and sensor electrodes to a poition of the 
body that contains a vascular compartment of arteries, capillaries, and veins. For 
the sake of convenience, the electrodes are usually applied to a finger. The 
stimulation electrodes are driven with an alternating voltage over a range of 
frequencies. 

2S In a preferred embodiment of the invention, the sensed voltage signals arc 

amplified by a high ixiput impedance voltage detector, converted to the distal 
domain by an analog-to-digital conveiter, and then demodulated via mixers into two 
complex waveforms, one rqyresentative of the stimulation current and another 
rqiresentative of the sense voltage at a selected frequency. The wavefonns are 

30 processed by a microcomputer to detemiine the tissue impedance scan indicia. 

Then, the blood volume is altered and another tissue impedance scan is made. In a 
preferred embodiment, a pressure cuff is used to alter the blood volume. Two 
tissue scans, one at one blood volume and one at another blood volume, are used to 
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detennine a blood impedance scan. The impendance of the whole blood is 
seperated from the total impendance through a parallel model. The whole blood 
impedance indicia is condated to honatocrit by recognizing patterns in the blood 
impedance scan. It is also possible and contemplated as pait of the invention to 
5 detennine hematocrit using the preferred embodiment of the invention by analyzing 
the phase shift pattern with a neural netwoik. 

The invention for which protection is sought is defined in the claims as filed 
or later added or amended. If a limitation that is described or shown in the 
qpedficadon or drawings is not inchided in a claim, the claim should not be 
10 inteipreted to include the limitation. 

BRIEF DESCRIPTTON OF TH B DRAWTMHS 
The present invention will be more fiiUy understood by one of ordinaiy skill 
in the ait through a review of the foUowing detaUed descrq>tion of the preferred 
15 onbodiments in conjunction with the accompanying drawings, wherein: 

FIG. 1 A comprises a circuit schematic for a first-older electrical model of 
whole blood in a laige vessel; 

FIG. IB comprises a schematic representation of fluid and membrance ceUs 
in a laige vessel conesponding to the dectrical model of FIG. lA; 

FIG. 2A comprises a circuit schematic for a fiist-order electrical model of 
whole blood in a smaU vessel; 

FIG. 2B comprises a schematic rqjresentation of fluid and membrance cdls 
in a small vessel correspondmg to the electrical model of FIG. 2A; 

FIG. 3A shows a representation of the total impedance in a limb at a low 
25 blood volume; 

FIG. 3B shows a rqrresentation of the total unpedance in a limb at high 
blood volume; 

HG. 4 comprises a block diagram schematic of a piefeired embodiment of a 
syston of the present invention; 

FIG. 5A comprises a bottom plan view of a limb to which electrodes are 
qiplied; 

FIG. 5B comprises a side view of the limb of FIG. SA; 



20 
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FIG. 6 comprises a mote detailed block diagram schematic of the electrode 
pod of the system of FIG. 4; 

FIG. 7 comprises a schematic representation of a wireless version of the 
signal generator and draiodulator and electrode pod of FIQ. 4; 
S FIG. 8 comprises a more detailed block diagram schematic of the signal 

generator and demodulator of FIG. 4; 

FIG. 9 comprises a more detailed block diagram schematic of the air pump, 
solenoids, and pressure cuff of FIG. 4; 

FIG. 10 comprises a more detailed schematic of the frequoicy generator of 
10 FIG. 4; 

FIG. 11 comprises a combined diagram and schematic of a two-frequency 
embodiment of the present invention, with electrodes applied to a patient extremity; 

FIG. 12 comprises a schematic of an embodiment of a constant current 
source as employed in the embodiment of FIG. 11; 
IS FIG. 13 comprises a sdiemadc of an embodimmt of an AM detector as 

employed in the embodiment of FIG. 11; 

FIG. 14 comprises a schematic of an embodiment of an A/D converter as 
employed in the onbodiment of FIG. 11; 

FIG. IS comprises a graphic, not-to-scale deletion of an analog voltage 
20 signal representative of those measured in practicing the present invention showing 
the relatively small pulsatile component of the signal above the signal baseline; and 

FIG. 16 comprises a circuit schematic for a first-order electrical 
approximation of the impedance of a whole blood in a pulsatile vascular 
compartment in combination with that of the surrounding tissue in which the 
25 compartment is located. 



nPTAn .BP DRSCMPTTON OF THE IIXUSTRATED EMBODIMENTS 
A. Multi-FrBOuencv Embodiments 

1. gasijg Sipctricri Modgis 
30 FIG. 1 A is an electrical circuit model that rq>resents an iQ)proximation of die 

behavior of whole blood in a large vessel when subjected to an alternating electrical 
current I. Resistor 10 in circuit path 12 represents the resistance Rbe of the 
extraceUular or plasma component. A capacitor 16 and resistor 18 in a parallel 
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ciicuh path 14 represent the Ci^tadtanoe CBcOf the ceU membnuice and the 
resistanceRuof intoceilular Arid of the eiythio(7tB or red blood coip^ At 
low frequencies (such as 50 kHz), the impedance of whole blood (sLt that of both 
paths 12 and 14) is attributable primarily to the extraceUular blood component 
5 cireutt path 12, whUe at higher fiequencies (for example, 1 MHz), the capacitive 
nature of the ceU membrane of the red blood coipuscles results in a more significant 
impedance contribution fhan circuit path 14, reducing the magnitude of the whole 
blood impedance. 

PIG. IB iUustrates a large vessel 20 containing many red blood cells 22 in 
plasma 24. As can be seen, there is a current path through plasma 24, even at low 
fiequencies. 

FIG. 2A is an electrical circuit model that icpnseats an approximation of the 
behavior of whole blood in a small vessel when subjected to an alternating electrical 
current I. HG. 2B illustrates a small vessel 26 in which celb 22 are about as wide 
15 as vessel 26 preventing a plasma path between cells 22 and the waU of vessel 26. 
In such a case, the path for current I is through a capacitance C,c, in series with 
resistances Rg, and Accordingly, the impedance of and the amount of cunent 
flowing through vessel 26 changes as the ftequency of current I increases. While 
the ratio of smaO vessels to large vessels is not known, it is beUeved that the effect 
of smaU vessels may be significant in the overall limb impedance. (There are some 
vessels that are sUghUy or somewhat larger than a smaU vessel and allow a small 
path around the cells.) 

It is understood that in the circuits of HGS. lA and 2A, the maximum phase 
shift in impedance occurs when the frequency of current I is f = 1/(1^ Ck 2t), 

25 where Rs is Rb, in the case of large vessels and Re is Rgi + RjE in the case of smaU 
vessels. It has been found that the maximum phase shift of blood occur at about 
1.6 MHz in large vessels. As described below, that maximum phase shift is used in 
determining the hematocrit. The large vessel modd predominates in the blood 
impedance measurements. However, it is believed that the contribution of small 

30 vessels should not be ignored and that the maximum phase shift of the small vessels 
will occur at below 1.6 MHz. It is believed that the effect of the small vessels is 
reflected in the values throughout the spectnim. 



20 
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However, when cuixent is passed through a limb» sudi as is described 
below, the cunent passes not only through blood, but also through tissue, bone, etc. 
The impedance of the blood may be separated from the total limb impedance 
through a procedure described below. In brief, in FIG. 3A, the impedance 
S represents the total limb impGdancc when blood flow through the limb is 
unrestricted. In FIG. 3B, the blood flow through the limb is restricted and 
rq>resents the impedance of the additional blood accumulated as a result of the 
restriction. The total limb impedance during the restricted state is Z^. The total 
impedance Zy and may be calculated, and Zb = (Z^ x Zj)/(Z^ - Z^). 
10 Therefore, the contribution of portions of the limb other than the blood does not 
have to detennined. 

2. System Overview 

Refening to FIG. 4, a hematocrit measuremrat system 30 includes a signal 
generator and demodulator (SGD) 34 that s»ds a signal to an electrode pod 36 

IS through conductor 38 and receives measured signals from electrode pod 36 through 
conductor 40. SGD 34 provides to a personal computer (PC) 42 through conductors 
32 and an RS*232 port, signals indicative of the current passing through the limb of 
a patient and the resulting voltage. The voltage and current may be measured for 
various frequracies over, for example, a range from 10 kHz to 10 MHz. 

20 The impedance from the blood alone is isolated from the total limb 

impedance from the blood, muscle, bone, etc. by measuring the limb impedance of 
different blood volumes. As described bdow, an air pump, solenoid(s), and 
pressure cufT 28 may be used to cause a change in blood volume in the limb. 

PC 42 determines the hematocrit. The hematocrit may be detennined from 

25 the signals from SGD 34 alone, or in combination with various other data regarding 
the particular patient such as age, sex, weight, temperature, illnesses, etc., or 
regarding patients in general. In this r^ard, as described below, a neural networic 
may be useful. A neural network may be executed in PC 42 or in a sq)arate 
computer 52, shown in dashed lines. 

30 3. Electrode Pod and Electrodes 

Rrferring to FIGS. 4 and 5A and 5B, electrode pod 36 provides an 
alternatu^ electrical curmt signal to a limb 44 (such as a finger having a Gngcr 
nail 46) of a patient through dectrodes 48A and 48B. (Fig. 5A shows the underside 
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of the two fingos nott to the thumb of a 1^ hand.) The xesultiiig voltage drop 
across limb 44 is measured through dectrodes SOA and 5QB. The voltage between 
electrodes 48A and 48B may be about three volts. Electrodes 48A, 48B. 50A, and 
SOB may be standaid, commetdally available dectrodes. 
5 Electrodes 48A, 48B, SOA, and SOB may be conveniently hdd in place 

through a piece of tape S4 that covers both the electrodes and a portion of limb 44. 
However, tape 54 preferably does not restrict fdood flow. Tape 54 may extend 1/2 
to 3/4 around the drcumference of Umb 44. In addition to holding the electrodes in 
place, tape 54 stiffens limb 44 which makes the measurement procedures more 

10 controlled. A splint or mylar may also be used. 

Referring to PIG. 6, electrode pod 36 includes a 50 ohm tnmination buffer 
60 that receives a sine signal having frequraicy u on conductor 38 from SGD 34. A 
sense resistor 64 is connected in series between buffer 64 and a conductor 66A, to 
which electrode 48A is connected. 

1^ Electrodes 48A, 48B, SOA, and SOB are connected to electrode pod 36 

through conductors 66A, 66B, 70A, and 70B, which are preferably as short as 
possible. Alternatively, wireless communication could be used as shown in FIG. 7, 
which includes transmitters 76A, 76B, and 76C, and receivers 78A, 78B, and 78C. 
Wireless communication may be particularly useful in an opmting room 

20 environment. 

Referring again to FIG. 6, an instrumentation amplifier 68 provides to 
conductor 72, a signal A, sm(ut + «,) indicative of the voltage drop across 
resistor 64, where "A," is the ampUtude, and 0, is a phase difference with respect to 
an original signal sinwt, described below. Instrumratation amplifier 68 i»ovides a 

25 high irqnit impedance, rejects the common mode voltage at conductor 66A wlule 
amplifying the voltage drop across resistor 64. Instrumentation amplifier 68 may 
comprise three operational amplifiers in a wdl known configuration. 

An instrumentation amplifier 74 provides to a conductor 78, a signal 
A, sin(wt + ffj) that is indicative of the voltage between dectrodes SOA and SOB, 

30 where "A," is the amplitude, and 9, is a phase with respect to the original signal, 
sincdt. Hie difference in phase between 6, and 0, is caused by the electrical 
capacitance in limb 44 between electrodes 48A and SOB, and differences in the 
speed and phase response of the instrumentation amplifiers 68 and 74. 
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Accoxdingly, instnimoitation amplifiers 68 and 74 should be chosra and constnicted 
to minimize diffeimces in their phase responses. The differences in speed and 
phase response of amplifiers 68 and 74 is calibrated out of the equipment using a 
dummy load. Thexeafker, PC 42 stores the calibration information and substracts 
5 out any differraces. 

Instiumentation amplifier 74 rejects the conunon mode voltage bc^een 
conductors 66B and 7QB and amplifies the differmtial voltage between conductors 
70A and 7QB. Instrumentation amplifier 74 may comprise thiee operational 
amplifiers in a well known configuration. 
10 An RF switch 80 passes either the signal on conductor 72 or the signal on 

conductor 78 to conductor 40, under the control of a signal on conductor 84. RF 
switch 80 may switch at a rate of 110 (=2 X 55) times per second. 

4. Signal Generator and D emodulator VsGD^ 

Referring to FIG. 8, SGD 34 pixxluces the signal on conductor 38 and 
15 demodulates and filters the signals on conductor 40. SGD 34 may include a 
microprocessor 94 with an raibedded EPROM, such as an HC6805. 
Microprocessor 94 provides control signals to the various components of SGD 34 to 
RF switch 80 through conductor 84, and to solenoids of air pump, solenoids, and 
pressure cuff 28, through conductors 88A, 88B, and 88C, as described in 
20 connection with FIG. 9, below. Microprocessor 94 also communicates with PC 42 
through conductors 32. 

A frequency generator 100 produces to a digital sine signal FGw, shown in 
equation (I) below, to conductors 96: 

FGaiN = sintat (1)^ 
25 where the amplitude is assumed to be unitary. From conductors 96, the signal sinut 
is provided to ndxer and filter 104, and to a DAC 110. The analog sine signal 
from DAC 1 10 is provided through a buffer 1 12 to conductor 38. The frequency of 
FGsDv is controlled by a fiequracy control word provided by PC 42 to frequency 
generator 100. 

30 Frequency gramtor 100 also produces a digital cosine signal FGoos shown 

in equation (2) below, to conductors 98: 

FGoos = coscit (2), 



10 
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where the amplitude is assumed to be unitary. Of course, coscot is 90 degrees out 
of phase with sin&it. From conductors 98, the signal coswt is provided to mixer and 
filter 106. 

The signals from electrode pod 36 on conductor 40 are received by a low 
5 pass filter 116 through a buffer 118. Low pass filter 116 removes hamonic 

frequai(7 componmts or aliasing. Hie 22 MHz value was chosen to allow tissue 
impedance measurements with a sinwt at as high as 20 MHz. However, the analog 
electronics may have diificulties maintaining the required phase tolerance above 
about 10 MHz. With the 10 MHz upper limit, low pass filter 1 16 may have a 
lower cut off frequency. The filtered signals from low pass filter 116 are converted 
to digital signals through ADC 120. from which they are passed to mixer and filters 
104 and 106. 

DAC 110, ADC 120, and frequency gmerator 100 may be clocked at 
60 MHz. However, if the maximum frequwicy of sintot gmerated by frequency 
15 generator 100 is 10 MHz, then DAC 110, ADC 120, and frequency generator 100 
may be clocked at, for example, 30 MHz. 

Measured current indicating signals Mc are pixivided by ADC 120 to 
conductors 90. Signals Mc originate from conductor 72 in FIG. 6 and are 
processed through RF switch 80, buffer 118, tow pass filter 116, and ADC 120. 
20 Signals Mc are shown in equation (3), below: 

Mc = G A, sin(ut + + ^) (3)^ 
where A, and are the amplitude and phase of the signal at conductor 72, and G 
and ^ are the gain and phase shift caused by buffer 118, low pass filter 116, and 
ADC 120. 

25 Measured vottage indicating signals My are also provided by ADC 120 to 

conductors 90. Signals Mv originate from conductor 78 in FIG. 6 and are 
processed through RF switch 80, buffer 118, low pass fUter 116, and ADC 120. 
Signals Mv are shown in equation (4), below: 

My = G Aj sin(a»t + O2 + 4>) (4)^ 
whwe A, and 0, are the amplitude and phase of the signal at conductor 78, and G 
and 0 are the gain and phase shift caused by buffer 118. low pass filter 116, and 
ADC 120. Of course, signals Mc and My are merely examples of current 



30 
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indicating signals and voltage indicating signals, and other ciicuitiy tiyin is 
illustrated may be used to produce suitable cuirent and voltage indicating ^gnals. 

In ttdxBT and filter 104, a nniltiplier 124 multiplies anwt on conductors 96 
withtbeoutputof ADC 120. When RF switch 80 passes the signal on conductor 
72, tiie output of multq>lier 124 is the product (current iqAase), shown in 
equaticm (5), below: 

Pa = G A, sin(tft + $i+ sinut 
- ((G A,/2) cos («, + «)) - ((O A,/2) sin(2a)t + tf, ^)) (5), 
where G, A|, $u and ^ are d^ned in connection with equation (3). Mixer and 
filter 104 is illustradve of mixer and filter 106. 

A 60 Hz digital lowpass filter 128 filters out the ((G A,/2) sin(2wt + «, + 
*)) component as weU as various noise, leaving only the DC component, ((G A,/2) 
cos (fl, + ^)). The signal ((G A,/2) cos (tf, + *)) is applied to conductors 134 and 
is referred to as Q. where "C lepresrats the current between dectnxles 48A and 
48B, and "I" stands for "in phase." Digital lowpass filter 128 may be constiucted 
of multqiliers and adders peifoiming convolution in a well known manner. 

When RF switch 80 passes the signal on conductor 78, the output of 
multiplier 124 is the product Py, (voltage inphase), shown in equation (6), bdow: 

Pvi = G A, sin(atf + Oj + 4>)X sinut 
= ((G Aj/2) cos («j + 4>y) - ((G Aj/2) sin(2ut + fi, + ^)) (6). 
where G, A,, tfj, and 4> are defined in connection with equation (4). 

60 Hz digital lowpass filter 128 fUters out the ((G A^2) sin(2cot + tf, + ^)) 
conqwnent as well as various noise, leaving only the DC componoit, ((G Aj/2) cos 
(flj + ♦)). Tlie signal ((G A^2) cos (9, + ^)) is appUed to conductors 134 and is 
referred to as Vj, where "V" represents die current between electrodes 50A and 
SOB, and "I" stands for "in phase." 

Mixing an original and modified signal to obtain amplitude and phase 
information is a "coherent" technique. 

In mixer and filter 106, a multiplier (not shown) multiplies cdsoit on 
conductors 98 with the output of ADC 120. When RF switch 80 passes the signal 
on conductor 72, the output of multiplier 124 is the product Pcq (current 
quadrature), shown in equation (7), below: 
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PoQ - G A| sin(a^ + i + ^) X coscdt 

= ((G A,/2) sin (ff, + 4d) + ((G A,f2) sin(2«t + + (7), 
where G, A,, 0^ and ^ are defined in connection with equation (3). Note that the 
tenn quadrature derives fkom the cosine signal being 90 degrees out of phase with 
S the sine signal. 

A 60 Hz digital lowpass filter 128 filters out the ((G A|/2) sin(2ayt + + 
4)) component as well as various noise, leaving only the DC component, ((G A|/2) 
sin (9] + 4)). The signal ((G A|/2) sin (9, + 4d) is aj^lied to conductors 136 and 
is referred to as Cq, where "C represents the current between dectnxles 48A and 
10 48B, and "Q" stands for "quadrature." 

When RF switch 80 passes the signal on conductor 78, the output of 
multiplier 124 is the pnxiua Pvq (voltage quadrature), shown in equation (8), 
below: 

Pvq = G Aa sin(«t + j + ^) X sina>t 
15 ((G A3/2) cos {$2 + *)) - ((G A^2) sin(2£.>t + + ^)) (8), 

where G, A2, dj, and ^ are defined in connection with equation (4). 

60 Hz digital lowpass filter 128 flatters out the ((G Ajfl) sin(2«t + flj + 0)) 
component as well as various noise, leaving only the DC component, ((G A^2) sin 
(ffj + 0)). The signal ((G A2/2) sin (^2 + ^)) is appUed to conductors 136 and is 
20 referred to as Vq, where "V" rq)resents the voltage between electrodes 50A and 
SOB, and ''Q" stands for "quadrature." 

Signals Q and Cq provide information regarding the amplitude and phase of 
the current between electrodes 48A and 48B. Signals V| and Vq provide 
information regarding the amplitude and phase of the voltage electrodes SOA and 
25 SOB. Signals V and C are complex (i>e. , they have inphase components Vj and Q 
and quadrature componrats Vq and Cq). 

The inphase and quadrature impedance waveforms V„ Vq, C„ and Cq are 
sent to a computer, such as PC 42 where the complex impedance may be calculated 
at a SS sample/second rate. 
30 S. Computations in the PC 

The signals V|, Vq, Ci, and Cq may be analyzed as foUows. 

The magnitude Cmaq of the current components is determined through 
equation (9), below: 
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CuAO = (C,» + Cg^** (9), 

when C] and Cq aie the signals on conductors 134 and 136 from mixer and filters 
104 and 106. 

The phase of the current components is determined through equation 
S (10), below: 

= tan * (Cq/Q) (10). 
The magnitude Vuao of the voltage components is determined through 
equation (11), below: 

Vm^o = (V,' + Vp^^ (11), 
10 whm Vi and Vq on conductors 134 and 136 from mixer and filters 104 and 106. 

The phase of the voltage components is determined through equation 
(12), below: 

= tan-^ (V^^ (12), 
Hie impedance Z is the ratio of complex numbers V and C. 
15 The magnitude Z^ao component of the impedance is determined through 

equation (13), below: 

Zu/io = V^^o/Cmao = GAj/GAi = AJA^ (13), 
where V^Ao ^ C]4ao arc determined according to equations (11) and (9). 

The phase component of the impedance is determined through equation (14), 

20 below: 

« . = (»2 + «) - («i + 0) = iO, - (14), 
where and Q are determined according to equations (12) and (10). 

The impedance from the blood alone is isolated fiom the total impedance 
from the blood, tissue, bone, etc. This isolation may be performed as follows. At 
25 each frequracy in a scan, the limb impedance is determined by calculating V,, Vq, 
C|, and Cq when blood flow through limb 44 is unrestricted and, therefore, the limb 
has a normal or unrestricted blood volume. Thai, another scan is performed over 
the same frequencies when blood flow through limb 44 is restricted and, theitfore, 
the limb has a restricted blood volume (which may be higher or lower than the 
30 unrestricted blood volume). Methods of restriction are discussed below. 

FIGS. 3A and 3B illustrate the situation in which restriction causes an 
increase in blood volume. The total limb impedance at lower blood volume when 
the limb is unrestricted is Zu, illustrated in FIG. 3A. The total limb impedance at 
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higher blood volume when the limb is restricted is Z^, illustnted in FIG. 3A. 

Impedance is the equivalent to impedance Z„ in parallel with the impedance Zb, 

where Z. is the blood present at higher vohmie that is not present at lower volume. 

(This model assumes that the extra blood has the same hematocrit as all other blood 

5 passing through the limb.) Impedance Z^ is calculated through equation (IS), 
below: 

Zr - (Z, X Zu)/(Z» + Z„) (15) 
Both, Zg and Zu can be measured and from them Z, can be computed. Solving for 
impedance Z. in equation (15) yields equation (16), below: 
10 Z, = (Z„xZ»V(Z„.Z|J (Ig) 

for the case in which reaction causes an increase in blood volume. 

In die case in which restriction causes a decrease in blood volume. Z» is 
equivalent to Z^ in parallel with 2^, where Z, is the blood present at higher volume 
that is not presoit at lower vohuie. Then, impedance Z, is calculated through 
15 equation (17). below: 

Zu = (Zb X Zr)/(Z. + ZO (17), 
Both, Zx and Zu can be measured and from them Zg can be computed. Solving for 
impedance Zj in equation (17) yields equation (18), below: 

Z. = (Z^, X Z,)/(Z, - Z„) (Ig) 
20 for the case in which restriction causes a decrease in blood volume. 

Although blood impedance Z. includes both a magnitude and phase, the 
phase appears to be the stronger indicator of hematocrit. However, both phase and 
magnitude of Z, may be used in pattern analysis in a neural network. 

The processes of determining Z, are repeated for various ftequmcies over a 
25 range from about 10 kHz to about 10 MHz. Various steps may be used. In the 
current embodiment, there may be from 3 stq>s per odave to 10 steps per octave, 
where octaves are 10 kHz, 20 kHz, 40 kHz, 80 kHz, 160 kHz, etc. 

There are advantages and disadvantages in having a large versus a smaU 
number of steps. A large number of steps may be used to average out arterial 
30 pulsation noise, but takes more time and. therefore, there is a greater risk that the 
blood volume wiU undesirably and unpredictably change over time with a longer 
measurement 
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li has been found by the inventors that the phase change increases (as a 
negative number) from about 10 kHz to in the region of 1*6 MHz and then begins 
to decrease (although fbm may be an inflection point at well bdow 1.6 MHz), (de 
Vries. P.MJ.M., et al.» "Implications of the didectrical behavior of human blood 
5 for continuous on-line measurraient of hematocrit**, Med. Biol. Eng. A gmnput. 
31, 445-448 (1993) notes a 1.6 MHz maximum phase.) However, it is expected 
that the maximum phase diange will vary dq)rading on various factors. Ihenrfore, 
a neural network approach is proposed. 
6. Pirfgrod Praaduig 

10 The following procedures may be used. A "scan** refers to the process of 

applying signals of various frequencies in steps between a lower and upper 
frequency limit to electrode 48A. As described above, this creates a current 
between electrodes 48A and 48B, and a voltage between electrodes 50A and 50B. 
It takes about one 55th of a second to gather Vi, Vq, Q, and Cq signals at each 

15 frequency. Digital filter 128 requires about 9 milliseconds to achieve the desired 60 
Hz bandwidth. Accordingly, digital filter 128 processes Pq for 9 milliseconds and 
then processes Pyi for 9 milliseconds at one frequency. The processes is then 
repeated for 9 milliseconds for Pa and then 9 milliseconds for Pvi at another 
frequency. The coneqx>nding digital fdter in mixer and filter 106 similarly 

20 processes Peg and Pvq. 

In a pr^erred embodimrat, the software is written so that the lower and 
upper frequency limits are 10 kHz and 10 MHz, and the number of steps between 
the lower and upper limits are between 11 and 101 frequencies. If 101 frequencies 
are chosen, it takes about 1.8 seconds (= 101/55) to complete a scan. 

25 A "rqpetition" refers to the number of "scans* that are performed in quick 

succession before changing the blood volume. In a preferred embodiment, the 
software is written so there may be l)etween 1 and 10 rq)^tions. The reason to 
perfonn multiple rq>etitions is as follows. Arterial pulsations cause a small 
alternating fluctuation in blood volume. The pulsations can affect the phase. If 

30 multiple repetitions are made, the variations in phase caused by arterial pulsations 
can be averaged and the effect reduced. 

A "measurement" refers to the completion of a specified number of scan 
iiq>etidons at a particular blood volume. In a preferred embodiment, the software is 
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writtCT to make any immber of measuTBinaits up to 25. For example, a fizst 
measuranent is at unrestricted blood volume. A second measuremoit is at 
restricted blood volume. A tfaird measurement may be at ttie unrestricted blood 
volume or some other blood volume, and so forth. Depea^g on the restrictive 
pressure («ich as from a cufi) and die vascular circulation, it can take between 
about 10 seconds to 45 seconds for blood volume of limb 44 to reach a new 
equilibrium after the restrictive pressure is changed. 

It is desirable to not make more measumnents than is necessary in order to 
reduce the test time. A greater number of scans per measurement cvcas out 
pulsatile vaiiations. It has been found that measurement yield different results, even 
takm at near the same time. Therefore, enough measurements should be made to 
ensure adequate results. Multiple cycles may be needed to produce satisfactory 
results. If the first few measurements give results with a small standaid deviation, 
it may not be necessary to finish all Uie measurements. 

There are various tradeoffs in die choice of values. For example, a large 
change in blood volume is desirable to produce a high signal to noise ratio with 
respect to arterial pulsations. However, a large blood volume change takes a longer 
time and causes more capillary beds to open up to accommodate arfHitiftn^i blood 
volume. 

Of course, the various vahies and limits for frequencies, sbeps, scans, 
repetitions, and cycles can be changed tiirough altering the software. 



7. A Neural Network Appirwr^ 

A neural networic may analyze veiy complex noisy data and find patterns (or 
combinations of data) that can be used to determine underiying parameters. Ttese 
patterns are usually not apparent to human observers. In a statistical smse, neuial 
networks are capable of performing non-linear non-^nrametric regression. 

Finding neural noworic sohitions to complex data analysis pniblons may be 
as much art as science. There are many different neural networic paradigms, and 
each of tiiese paradigms use the spedfication of a number of critical patameteis. 
These choices require a certain amount of expedeace, trial-and-enor, etc. The 
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seaxch for a systematic neural netwoik design approach is a veiy active area of 
research within the field of Aitificial Intelligence. 

The paiticidar paradigms of interest in the present invention are believed to 
be those that produce continuous-valued ouq>uts and that undergo sup^vised 
5 training. Hus is a technique of shaping the neural netwoik in which the netwoik is 
rq>eatedly e3qx>sed to both the data and the right answer. This allows the net to 
stnicture itself internally so that it extracts the features in the data that we have 
identified as being important to the present invention. 

Clinical data collection could be gathered from several luns on each patient 
10 or subject. The luns could be peifonned with certain varying conditions (such as 
different height of the limb under test, applied heat to the limb, etc.). Therdiy, 
several different environmrats could be produced with different patterns of data for 
the same hematocrit. In addition, blood could be drawn to accurately determine the 
actual hematocrit using the "gold standard" technique of centrifiiging capillary tubes 
IS containing the subjects whole blood. 

By collecting this diverse data on each subject and having a sufficirat 
number of subjects, the neural nets wiU be trained to determine the underlying 
parameter of hraiatocriL 

Neural network 52 may be in PC 42 or an adjacent PC or other computer. 
20 Accordingly, in FIG. 4, neural network 52 is shown in dashed lines. 

The following paramet^ could be considered by the neural network. With 
req>ect to the impedance waveforms, the neural network could consider parameters 
including frequency, magnitude, phase, and derivations thereof. With respect to the 
patient or subject, the nmral network could consider parametes including the 
25 patient's age, weight, sex, temperature, iUiness, heat applied to the limb, blood 
pressure, and arm elevation and position. Of course, it is not necessary that the 
neural nerv^ork consider each of tiiese parameters. 

Of course, the neural network would also consider the honatocrit 
measurements from oentrifuging capillary tubes corresponding to the patient from 
30 which the other factors were obtained. 

The neural network is used in two manners. First, it is used to derive a 
gsoap of patterns and/or other data from a large amount of the parameters regardiqg 
patients and waveforms. Second, once the patterns and/or other data are derived, 
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the neund n^oric is used in detennining the hematocrit of a paiticidar patient 
(who, for example, may be on an opeiatiiig table) by comparing patimt and 
wavefoim data of the particular patient with the previously derived patterns and/or 
other data. 

5 At piesoit, it is believed that the neural networic is able to process out the 

smaU vessel effect and produce the hematocrit value due to blood contained in laige 
vessels. 

As used herran, the term "patient" includes both those persons from whom 
the data is originally obtain to create the group of patterns or data, and those 

10 persons whose hematocrit is later determined from the group of patterns or data. 
Look up tables may be used, although it is cxpoctod that many of the 
patterns (such as equations) may be too compUcated to make look-up tables practical 
for most purposes. 

8. Air pump. solenoidfsV an d nressurs mff ^ft 

15 There are varicws methods of changing the blood volume. POr example, if 

limb 44 is a finger, blood volume may be change through venous restriction about 
the upper arm of the patient, or arterial occlusion of the wrist of the patient. 

In the case of venous restriction, it is preferred that the cuff create less than 
diastolic pressure so that arteries can pump blood in, but blood does not flow out 

20 under the cuff untU pressure in limb 44 equals the cuff pressuie. Under arterial 
occlusion, arterial bk)od is blocked from entering limb 44 and blood drains out of 
limb 44 through the veins to create a lower blood vohime. It has been found that 
the phase change detected during venous restriction may be different from that 
detec t ed during arterial occlusion. 

25 It is believed to be easier to implonent venous restriction with a blood 

pressure cuff than it is to perform arterial occlusion. To obtain restriction through 
occlusion, the ubia and radial artoies should be occluded, which may be difHcult. 
Also, about 10% of the population has a medial arterial which should also be 
occluded. However, it is believed that arterial occlusion drains the large vessels 

30 witiunit effecting the capillaries to a great extent while venous restriction has a 

greater t»idency to open up new capillary bends and/or modify the geometry of die 
vascular q»ce. 
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Referring to FIG. 9, air pmap, solmoid(s), and pressure cuff 28 may woik 
as follows. An air pump 152 provides increased air pressure to a tube 1S4. When 
it is time for a pressure cuff 156 to increase in pressure, microprocessor 94 
activates a solenoid 160 which allows the increased pressure in tube 154 to flow to 
5 tube 162. Microprocessor 94 is informed of the pressure in tube 162 through 
pressure transducer 164. When it is time to decrease the pressure in cuff 156, 
microprocessor 94 activates solenoid 168 through which tube 162 is connected to an 
exhaust. Air pump 152 may be turned on under sqxuate switch or under the 
control of micro-processor 94. 
10 The volume change should be maximized by adjusting the tilt and height of 

the patient's arm. 

It is believed that limb movement may significantly change the impedance. 
9. Additional Infomation 

Frequency generator 100 may be con^cted according to a well known 

15 practice shown in FIG. 10. Referring to FIG. 10, a 16-bit frequency word FW is 
received on conductor 112 by an adder 180 that produces a phase word FW in 
response to the FW. The desired sinusoidal frequency = FW X clock frequency/ 
2^^. Dq)ending on the maximum desired sinusoidal frequency, the clock frequency 
may be, for example, 30 MHz or 60 MHz. The phase word PW is received by a 

20 sine/cosine look-up table PROM 182 that produces sine and cosine signals. The 
sine signal may be 127.5 x sin (PW x 2t)/2048 and the cosine signal may be 127.5 
cos (PW X 2t)/2048. Of course, the preceding is merely an example and various 
other well known techniques could be used. 

Preferably, cunent is injected into limb 44 between electrodes 48A and 48B, 

25 and voltage is measured between electrodes 50A and 50B. Alternatively and less 
desirably, current could injected between electrodes 50A and 50B, and voltage 
measured between electrodes 48A and 48B. In the case of the alternative less 
desirable arrangement, preferably, both the current injected by electro^ 50A and 
the current received by electrode 50B would be measured to account for any current 

30 that may pass to another part of the body. Also, in the case of the alternative less 
desirable arrangement, it may also be desirable to bring electrodes SOB and 48B 
closer to electrodes 48A and 50A, and to make the electrodes narrower. 

Current could be created through magnetic fields rather than electrodes. 
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Piefeiably, the out-of-phase signals on ccmductors 98 fmm signal genmtor 
100 axe cosine signals, which aie 90 d^rees (or 270 degzees) out of phase with the 
sine signal on conductors 96 (sometimes called a quadrature signaQ. Attenatively, 
the ouQmt-of-phase signals could have some other relationshq> than 90 degrees out 
5 of phase widi respect sine signals on conductors 96. In that case, it may be 
necessary and/or desirable to have three or more signals rather than only two 
signals. 

In the illustrated embodiment of FIGS. 4 and 8, the functions of frequency 
generator 100, low pass filters 116 and 128, and mixer and filtere 104 and 106 are 
10 performed in hardware Gncludiag programmed dedicated hardware with, for 
example, adders, multipliers, and gate arrays) as opposed to a miciopiocessor. 
Alternatively, some or all of the functions may be performed in PC 42, in another 
microprocessor system, or otherwise in software. 

Other course, PC 42 does not have to be a ^'personal computer" but may be 
15 any of various other computers, such as a Macintosh, Sun Microsystems, etc, 

Four mixers and filters may be used, rather than the two, eliminating the 
need for RF switch 80. 

As used herein, a "conductor" may actual comprise multiple wires, such as 
in the case of a parallel digital transmission. In another words, digital data may be 
20 transmitted in paraUd or in series. There may also be a ground wire. Conductors 
38 and 40 each may be a SO ohm coaxial cable. 

As used in the claims, the term "connect," "connectable," or "connected to" 
are not necessarily limited to a direct connection. 
B. Two-Freouencv EmhodimentQ 
25 Although the multi-frequency embodiment described above is generally 

preferred, a description of the following two-fiequency technique for determming 
the hematocrit is also presented. 
1. Background 

Referring again to HG. 1, which dq>icts an approximation of the behavior 
30 of whole blood when subjected to an alteinating electrical current, resistance 10 in 
circuit path 12 rq>resrating the req)onse of tiie extracellular or plasma component, 
while tiie parallel circuit path 14, representative of tiie cryfluocyte or red blood 
corpuscle component, includes both a cs^citance 16 as well as a resistance 18. At 
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low frequendes (such as 50 kHz), whole blood impedance is attributable primarily 
to the extracellular blood component circuit path 12, while at higher frequencies 
(for example, 1 MHz) the capacitive nature of the cell membrane of the red blood 
coipuscles results in a more significant impedance contribution from circuit path 14, 
S reducing the magnitude of the whole blood impedance. Thus, in simplified tenns, 
the ratio of a low-fiequen^ impedance to a high-fiequency impedance is 
rq)res»tative of the relative volume percent of red blood coipuscles, or hematocrit. 
There is no precise frequency or narrow band at which the red cell capacitance 
phencmiraon becomes significant, but rather a transition zone of frequencies over 

10 wldch the capacitive component increases in a relatively rapid manner. As will be 
explsancd in more detail hereafter, the impedance magnitude differential due to the 
frequracy response characteristics of blood below and above the aforementioned 
transition zone enables the practitioner employing the present invration to utilize 
electrical stimulation of the pati»t to determine hematocrit in a noninvasive 

IS manner. However, in order to make use of frequency-based impedance differentials 
in whole blood to determine hematocrit, it is necessary to remove the dominant 
body tissue impedance component of the body poition through which impedance is 
measured. 

FIG. 15 of the drawings comprises a r^resentative sector of a demodulated 
20 voltage signal envelope over a period of time as measured by sensors attached to an 
electrically-simulated extremity of a patient according to the present invention, the 
measured voltage being directly proportional to and therefore representative of the 
total impedance of the whole blood plus the surrounding tissue. As shown, the 
signal envelq)e includes a dominant DC or baseline component and a small AC or 
25 pulsatile component. The DC component is generated by the patient*s tissue, non- 
pulsatile arterial blood, and vmous and capillary blood of the stimulated body 
portion. The AC component is attributable only to the pulsatile blood, and is 
therefore truly representative of whole blood impedance for a given frequency. AC 
components at different firequencies will have substantially identical voltage 
30 envelope shsqies, differing only in magnitude due to the aforementioned frequency- 
dependent nature of the whole blood impedance response. By isolating and utilizing 
only the AC, or pulsatile, component of the signal, the impedance effects of the 
patient's extravascular tissue are eliminated and a hematocrit deteimination may be 
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made using the latio of a low-firequency pulsatUe impedance to a iiigh-fieqiiency 
pulsatile impedance. 

2. Two-fteouencv system anH n^fiffif^ 

FIG. 11 , which is iUustiadve of a two-frequoicy embodiment of the 
5 invention, shows a patiem body poition 220 containing an artery (which may also 
be refened to as a pulsatile vascular compartment) on the exterior of which have 
been placed outer stimulation dectrodes 222 and inner snisor electrodes 224, all of 
which are prefoably ting electrodes so as to envelop the body poition 220. Ihe 
fbur-electnxle method is a standard engineering technique which helps to eliminate 

10 errors attributable to contact resistance and, except insofar as it is employed in the 
present invention, does not constitute a part thereof. 

Power or stimulation electrodes 222 are driven with a constant current 
composite carrier waveform consisting of two frequencies A and B provided by 
current sources 226 and 228. It is preferred that the applied constam current be of 

15 a peak-to-peak magninide of 2 mA or less. Frequencies A and B should differ 
sufRclentiy to provide a significanUy different blood impedance response to each 
frequency due to the capacitive component of the patient's blood, and thus an 
impedance differential useful in practicing the present invention. It has been found 
that a tow frequency A of 50 kHz and a high ftequency B of 1 MHz provide a 

20 usable differential response, in that they are, respectively, suflicienUy far betow and 
above the frequency transition zone wherein the capacitive component of the 
response becomes significant. It should be noted at this point that use (tf 
frequencies much below 50 kHz is inadvisable for xcasoDS of patient safe^. in that 
town- frequencies may induce heart airiiythmia. 

25 Each frequency excites the tissue of body portion 220 with a constam 

current, and the resulting voltage signal at each firequency is measured from inner 
sensor dectrodes 224. Since the currem excitation is constant, die envelope <rf die 
measured voltage at each frequency is direcdy proportional to die tissue impedance 
at tiuit frequency. AM Detectors 230 and 232, one each for frequency A and 

30 frequency B, measure tiie envelope of tiie voltage signals, and transmit die resulting 
signals to A/D Converter 234, which converts the signals to tiie digital domain for 
isolation of the pulsatile component of tiie signal and further processing by a 
programmed processing unU, preferably genoal purpose Microcomputer 236, in 
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lesponse to commands fiom Keyboaid 238. Micnxx>mpiiter 236 icpeatedly extiacts 
time-malched conveited pulsatile signal component segments at each frequency, 
normalizes them against the voltage baseline of the respective carrier wavefonns 
and then creates a series of segment ratios of the normalized pulsatile signal 
5 components. These ratios are averaged, preferably using a wdghted averaging 
mettiodology which more heavily weights more significant ratios, being those 
comprised of pulsatile component segments exhibiting the greatest change in voltage 
magnitude over time. The wd^ited average of the ratios is rq>resratative of the 
hematocrit, the latter being otiacted from an internal look-up table of 

10 corresponding ratio and hematocrit values by Microcomputer 236, and displayed to 
the practitioner via Display 240, which may comprise a graphic screen display, a 
numoical di^lay, or both. 

An raibodiment of current sources 226 and 228 of FIG. 11, as dq^icted in 
FIG. 12, uses transistor 300 as an approximation of a cunrat source, which is 

IS driven by oscillator 302 through automatic gain control (AGC) multq)lier 322 at the 
desired frequracy, the resulting ouq>ut signal driving power transformer 304 which 
in turn ouqnits to patient stimulation electrodes 222. Isolation of each current 
source using transformer coupling via power transformer 304 and pickoff 
transformer 306 is used for patient safety. It should be noted that, as is well known 

20 in the art, transformers 304 and 306 should be wound to maximize their response at 
the frequmcies of interest and minimize s^itivity to artifact. A sensing or 
regulator signal is picked off from the output coil of transformer 306 and 
transmitted through buffer 308 to phase lock loop synchronous AM detector 317, 
which includes detector multiplier 310, phase lock loop 312, quadrature amplifier 

25 314 and low pass filter 316. Phase lock loops are well known in the art, as are AM 
synchronous detectors incorporating same, and therefore their stnicture and function 
will not be further described herein. However, a brief but excellent description of 
phase lock loops, their operation, versatility and applications, q>ecifically in the 
fabrication of an AM synchronous defector suitable for use with the present 

30 invention, appears in the 1987 EXAR Databook, pp. 6-62 through 65 and 1 1-68 
through 71, published by EXAR Corporation, 2222 Qume Drive, San Jose, 
California 9S13L Detector 317 outputs the envelope of the srased current drive 
signal to difference amplifier 318 for comparison to the input signal ftom reference 
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320, the ou^ qgnal fitom diffemice amplifier 318 coatooUing AGC multiplier 
322, the ou^t of wUch is impressed with the desired fiequency (A or B) by 
oscillator 302. Tlius a servo-control loop to maintain a substantiaUy constant out^^ 
from the current source is established. Current sources 226 and 228 are 
5 substantially identical excqit for the frequencies dictated by oscillators 302. 

The AM Detectors 230 and 232 used in the embodiment of HG. 11 of the 
present invention, as dqncted in PIG. 13, are AM synchronous detectors built 
around a phase lock loop. The measured voltage signal from the sensor or patient 
measurement electrodes 224, which is quite minute, is amplified by instromentation 
10 amplifier 400 and sent to detector multiplier 402 and phase lock kwp 404 of each 
AM Detector 230 and 232, the ou^ut of the phase lock loops being filtered by low 
pass fUters 408. The outputs of Detectors 230 and 232 are thus the envelopes of 
the measured voltage waveforms at low and high frequencies, respectively, and 
inherendy representative of impedance at those fiequencies. As noted previously, 
15 phase lock loops and synchronous AM detectors, their stnicture and function are 
weU known in the art, and the reader is again referred to the above-referenced 
pages of the 1987 PXAR PjtfabftffK for a more detailed description thereof. 

The demodulated voltage signal envelopes from AM Detectors 230 and 232 
are received by Am Converter 234, depicted in its preferred embodiment in HG. 
20 14, A/D Converter 234 including a pair of level shifters 500, each driven by level 
set commands from Microcomputer 236 via digital-to-analog (D/A) oonvertois 502 
to extend the range of high resolution analog-to-digital (A/D) converter unit 504 to 
accommodate the fact that the variable (pulsatile) component of the impedance being 
measured typically constitutes only about one percent (1 %) of the total measured 
25 impedance. Analog multiplexor 506 selects the appropriate signals from either AM 
Drtector 230 or 232 responsive to channel select conmiands from Microcomput^ 
236, and feeds the selected signal to analog-to-digital converter unit 504 for 
conversion to the digital domain. 

One preferred means of obtainii^ the pulsatile wavrform component of 
30 interest in the practice of the present invention is to utilize a high resolution A/D 
converter unit 504. that is to say one which has a 20-22 bit resohition capability, 
and digitize the entire waveform, including both the small AC (pulsatile) and much 
larger DC (baseline) components. This provides a sufficiently large dynamic raqge 
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50 that the pulsatUe, or AC componrat, of the wavrfonn at each fiequoicy can be 
isolated to provide meaningful data. Howevo-, this approach requires a relatively 
eiqiensive A/D converter unit, and an alternative i^iproach is to set a voltage damp 
hsvd at the magnitude of the DC componrat, subtract this from the wavrform and 
S magnify the remainmg signal. The voltage clamp qspioach is less expensive as it 
requires fewer bits of resolution capability in the A/D converter unit. 

Segments of the converted analpg values from Detectors 230 and 232 are 
then repeatedly extracted over identical time periods by Microcomputer 236» 
conelated to furtiier reduce noise effects, and then normalized by dividing by the 

10 voltage basdiine of their respective carrier waveforms before a series of ratios of the 
time-matched digitized pulsatile componrat signal segments at frequencies A and B 
are calculated. The ratios are averaged in a preened embodimrat using wdghted 
averaging techniques well known in the art, relative weighting being based upon the 
change in voltage magnitude versus time for the time p^od over which the 

IS digitized signals are extracted. Stated another way» the greater the aV per aX for a 
pair of time-matched component segmrats, the more significant the resulting ratio 
and the more heavily the ratio is weighted in the averaging process. The weighted 
ratio average, which is representative of hematocrit, is correlated to a hematocrit 
value by Microcomputer 36 via a look-up table of corresponding ratio and 

20 hematocrit values constructed a priori from clinical studies and dqiicted numerically 
and/or graphically to the practitioner on Display 240. Of course, the foregoing 
process from measurement of voltage across the patient body portion 220 to ultimate 
output of patient hraiatocrit on Display 240 is p^onned repeatedly and 
substantially continuously, so that variations and trends in honatocrit will be 

25 immediately apparrat. The use of raipirical data for the look-up table is due to the 
fact that the electrical approximation employed for the whole blood model is first- 
order, and a rigorous derivation of the response of the model will l>e inaccurate. 
Moreover, any such derivations will yield calibration results which vaiy with die 
two frequencies chosen, as weU as the gain factors of the various stages of the 

30 apparatus. 

As will be evident to the skilled practitioner of the art, all components of the 
apparatus utilized to practice the presrat invmtion should be selected for low noise 
output, due to the extremely low signal magnitude of the signal of interest. 



10 
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3. Analysis and Comnarisnns 

a. The Imnedanee of Blood 
The model for the fiist-oider electrical representation of blood, as shown in 
HG. 1, has been established by empirical testing to be conect. It is intej^ng to 
5 note that confinnation of the model has appeared in the biomedical engineering 
fiterature. de Viies, P.M.J.M., et al. "Implications of the dielectrical behavior of 
human blood for continuous on-line measurement <rf h«natocrit", Med Biol. B^ g, 
& Comput. 31, 445-448 (1993). 

However, the frequency range of greatest interest, previously believed to Ue 
betwem 50 KHz and 1 MHz, has been proven to be somewhat diiferent and 
expanded at the high frequency end. In fact, the prefeired frequency range has 
subsequenUy been established to Ue substantiaUy between 100 kHz and 10 MHz to 
20 MHz. 

The electrical performance characteristics of blood according to the FIG. 1 
15 model over this latter frequency range (lOOkHz and 10 MHz to 20 MHz) have been 
confinned by the inventor on numerous occasions with a speciaUy piqtaied test ceU. 
The test cell was fabricated by taking a cylindrical glass tube 1 cm in diameter. 
One end was sealed with an insulator containing an embedded electrode. Ilje blood 
sample was then introduced into the test cell, together with a very small quantity of 
hqjarin, to prevent the sample from coagulating in tiie test cell. A removable 
stopper of an insulating material was Uien inserted in tiie open end of tiie test cell; 
the stopper also had an embedded electrode tiiat descended into tiie blood, when tiie 
stopper was properly positioned. The impedance characteristic of tiie blood were 
then measured in a straight-forward manner (in this configuration, the test cell 
25 operates as a two-terminal electrical device) by doing a frequency sweq> over tiie 
range of interest and measuring the response. 

Since stagnant blood has a sedimentation effect, in which tiie suspended red 
blood cells will slowly settie due to gravity, it may be important to stir tiie contents 
of tiie test ceU if protracted testing is done, to ensure i^roducibility. 

3^ b. The Hcctrical Model for Noninvasive Hemafor^t 

Determination 

By way of providing tiiose of ordinary skill in tiie art witii a more complete 
and comprehensive understanding of tiie mvention, it should be reaffirmed tiiat tiie 



20 
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undolyiDg electrical model is a parallel one. In fact, although the analogy 
employed in the BACKGROUND section of this iqjplication to pulse oximetry might 
be q^ropxiate for mcMivation with what is now termed the "small signal" or 
plethysmogrqihic approach, the analogy would be somewhat inqspiopriate if carried 

5 to an extrane. Specifically, a directly equivalent electrical derivation to the optical 
problem of pulse oximetry would result in a series electrical model. However, the 
appropriate electrical modd for a body portion 220 under test, as shown in FIG. 
11, would be the first order qiproximation of FIG. 1 representative of the blood in 
the pulsatile vascular compartmmt, in parallel with a like circuit, the values of 

10 which would rqxiesent the intra- and mtra-cellular spaces and cell membrane 

capacitances of the bulk background tissue. This model is shown in FIG. 16, where 
the background tissue impedance, Zr, is bridged in a parallel fashion by the 
impedance of an additional volume of blood, Z^. One naturally occurring way in 
which an additional volume of blood is added to a limb segment is during the 

IS cardiac cycle, where the pumping action of the heart causes incremental volumes of 
blood to be periodically added and removed. As shown in FIG. 16, 
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25 The solution of this model is straightforward, and can be done by any 

electrical engineer of ordinary skill in the ait. Successful solution techniques find 
Zb by removing the effect of from the measured gross impedance, using 
knowledge of the paraUel nature of the model. Once Zb is determined, hematocrit 
is found to be some function of the ratio Rb/CRbi + Rbe)* precise 

30 characterization of this function cannot be known; however, it is empirically 

determined during instrament design by making a laige numbn of calibration-type 
measurements and embedding the results in a look-up table as previously 
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leferatced. Ths look-tq) table is thai employed in tlie j^ipaiatas of tlie invention as 
used with a patient in a real-life environmoit. 

UsiQg the undolyiiig concept of mBasuremait at sufikaently low fiequendes that 
the capa rat a nc fis aie essentially open diaiits fless than 100 kHz (< ion itHr)), anrf at 
5 sulficiaitly high fiequendes that the caparitanrra are esseatjaHy short or closed dicuits 
(greater than 20 MHz (>20 MHz)), results in simplified equations for sohition of the 
problem. 

C. The Two-Phaouenrv TflrhnigiK. 
Hie original inventh/e ocmcept, as set forth above, i^< 1ffrf s se s the problem 

10 (h e m a to c ri t detennination) from the point of view of impedanta magnitude. Since the 
equivalent dectrical dicuits used to modd the pertinent physiology contain reactive 
an^xmeats (cqiadtors). the inqiedance across the frequency ^)ectmm is comploc; i.e., 
magnitude and phase are both pertinent (or, equivalently, real and imaginaiy parts). 
However, as noted immediatdy above, by using meaauement fiequmdes that are 

15 suflBdeotly low and suffidenUy high, the capadtivecomponeats arc either lespectivdy 
openordosed. Thus, the phase at tiie measurement £requeodes would be e;q)ected to 
be at or near zero. 

Practically spealdng, it is difRcult to febricale electrical devices tiiat peifonn wdl 
at 20 MHz, in order to solve the nwiinvasive hooatocrit detennination problem. It is 
20 possible, however, to use a two frequency technique where the higho- of the two 

frequendes is lower than 20 MHz if additional assunq)tions are made. Fbr example, the 
reverse S-shaped curve plot of blood impedance, Z, which is levd at 100 kHz and then 
slopes downwardly above 1 00 kHZ until it is agam levd at 20 MHz, begins to levd out 

at about 10 MHz. TTierefore, one may achieve reasonable accuracy by employing a 
25 look-t^ table widi high fiequoK^ empirical values corresponding to hematooit as 
detenninedat 10MHzratiierthan20MHz. Alternatively, it is possible to solve tfie 
equations iqnesented by the drcuits by using more than two frequencies, for example, 
three or more, if these are chosen so that the measured impedances at these fiequoides 
are sufficiently diffoent from one another. The use of at least one additional frequency 
30 would again permit die avoidance of using a 20 MHz high frequency. This technique 
would involve more mathemarics with at least anodier additional unknown, but 

potentiaUy is a more refined mettuxlok)gy whidi might obtain a better approximation of 
hematocrit at certain levels via curve-fitting than the two-frequojcy appnjach. 
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Tbe approach of the systrai and mdhod of FIGS. 3-10. however, does not 
ignore phase. It has be» determined that phase angle (pbax shift) of a detected 
waveform relative to the input signal is related to the amount of cdl membrane 
present, and thus to hraoatocrit. Further, if blood is directly measured in a test cell, 
S as previously described, but both magnitude and phase are recovered, the inventor 
has found that the phase reaches a maximum response in the vicinity of L6 MHz 
(also confirmed by de Vries, et al, previously cited). This is the frequency region 
approximately corresponding to the point of inflection of the reverse S-shaped 
impedance/frequency curve. Thus, if appropriate hardware is fabricated, the 
10 noninvasive hematocrit determination problem can be solved with a two frequency 
measuremrat employing the phase of the detected signals in combination with 
impedance magnitude, wherein the high frequency is significantly lower than 20 
MHz. 

d. The Modified Small Signal Approach 

IS As discussed earlier with respect to the two-frequency embodiment of the 

invention, when a limb containing a pulsatile vascular space is measured 
electrically, the pulsatile component (known as the plethysmographic signal) is a 
very small percentage of the baseline DC signal. Typically, this plethysmographic 
signal is O.QS % - 0. 1 % of the magnitude of the baseline. This in itself requires 

20 very rigorously designed instrumentation, as heretofore noted, because of the 
necessary dynamic range. 

However, an additional problem has been discovered with the small signal 
approach as described with respect to the two-frequency cmilx>dimrat of the 
invention. This problem is due to the nature of intracorporeal blood-flow, which 

25 the inventor has determined to be non-homogeneous. By this, it is meant that the 
gross components of blood, namely plasma and the suspended cellular particles, do 
not flow in lock-stq> with one another; rather, in response to irregular paths, 
turbulCTce, etc., the concentration of red cdls in plasma may exhibit regions of 
higher concentration followed by regions of lower concentration. Thus, over the 

30 course of a cardiac cycle, there will be small changes in the "instantaneous 

hematocrit" at any given point in a vascular space. Tlius, if one could station a 
miniature "pexfect observer" at a given point in an artery, this observer might detect 



wo 96mM3 PCT/US9d/04547 

-so- 
instantaneous hematocrits varying from 39 to 41 in a person whose classically 
measured hematocrit was 40. 

While seraiingly small in absolute terms, such variations in instantaneous 
hematocrit tend to have a rather large effect on the derived hematocrit, when the 
5 noninvasive technique of the invention is used. This phenomenon results from the 
underlying assumption that the plethysmographic variations that are observed are 
due strictly to variations in the observed volume of whole blood, and arc 
rq)resentative of whole blood. In fact, the measured variations are a combination 
of true blood volume change as well as changes in the local density of red ccUs in 

10 plasma. It is conceivable that the relative percentage of the density variation is 

actually larger than the plethysmogrE^jhic percentage of the baseline. This situation 
may lead to markedly incorrect results, even if an ideal apparatus were to be built. 

A solution to the aforementioned problem with using the small signal approach 
created by variations in instantaneous hematocrit, is to restore correctness to the 

15 underiying assumption of homogeneity of blood flow. This modified small signal 
approach is effected by applying a mechanical "assist- to the limb under 
measuremoit. To understand the basis for this "assist," consider what happens 
when a blood pressure cuff is ^lied to a limb and takm through an inflation- 
deflation cycle. When the cuff is initially taken up to a pressure that exceeds 

20 systolic blood pressure by a fair amount, the pressure results in the complete 
obliteration of the arterial space; consequoitly, no blood wUl flow past the 
obstruction effected by the cuff at any point in the cardiac cycle and the 
plethysmographic signal is completely suppressed. As the cuff bleed valve is 
opened and the cuff is deflated slowly, the column of blood at the proximal end of 

2S the cuff is able to make brief incursions into the region of the limb under the cuff 
during the high pressure parts of the cardiac cycle. Just as the cuff deflates to sys- 
tolic pressure, a small quantity of blood is able to completely traverse the occluded 
zone for just a brief instant. As the cuff pressure continues to dea:ease, a larger 
fraction of blood is able to transit through the occlusion zone, although there is still 

30 complete occlusion of the artery for the portion of the cardiac cycle that has a 

pressure below the occluding cuff pressure. Finally, as the cuff deflates to diastolic 
blood pressure, the blood is able to travel past the occlusion zone for the entire 
cardiac cycle. 
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Now, consider again the situation where the cuff pressure is just at the systolic 
value. The tiny fraction of blood that is able to completely traverse the occlusion 
zone is nearly pure plasma, l)ecause plasma is less viscous than whole blood and the 
resistance of the nearly totally occluded aiteiy is very high. As the cuff piessure 
S continues to decrease, the resistance presented to the blood also decreases, and more 
cellular comix>nnts are able to flow. The desirable effect being sou^ is cme 
where the ait^ remains occluded for at least a small portion of the cardiac ^cle 
and where the blood traversing the occlusion zone is rqpresratative of whole blood, 
at least over time. 

10 Thus, by causing the aitery to be occluded by a blood pressure cuff during a 

portion of the cardiac cycle, it is guaranteed that the plethysmographic signal is 
rq)resentative of the total volume of blood in the artery, rather than the small 
portion of additional volume due to cardiac ejection. Additionally, if the blood 
traversing the occlusion zone is r^resentative of whole blood over time, then the 

IS plethysmogr^hic waveform can be integrated to solve the problem. 

It has been found that the proper conditions to effect the foregoing desired 
result occur when the cuff piessure is in the region of mean arterial pressure. This 
pressure zone is non-critical and corresponds to the pressure region where the 
amplitude of the plethysmographic component of the signal becomes a maximum. 

20 To practice the invration according to this methodology, the cuff is applied to 

the body portion (limb) in question proximate the stimulation and sensor electrodes. 
It is feasible to place the cuff either proximally, distally or over the electrodes, 
there at present being no identified preferred location for the cuff relative to the 
electrodes. Pressure in the cuff and inflation and deflation thereof may be 

25 controlled via a pump, bleed valve and sensor (pressure transducer) as known in the 
art, which devices are prrferably under control of the microcomputer of the 
hematocrit determination apparatus. 

It should also be observed that the modified small tignal approach should be 
employed with simultaneous stimulation of the body portion in question at the two 

30 selected frequencies, due to the importance of fiurly precise synchronization of 
sampling with the timing of the cuff inflation/defladon cycle. 
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e. Hie Laree Signal Anrntwch 
Hw miilti-frequeiiqr aiiproach described in connecUoii with HGS. 3-10 is 
T^eiied to as a laige signal approach. By contrast, the two-frequency qjpioach is 
referred to as a small signal q)proach. An underiying impedance efifect has been 
5 discovned and verified that allows the detennination of hraiatocrit using dectrical 
measurements. Hie concert is extended to the noninvasive reahn 1^ observing 
blood plus background tissue and focuang in on the component that is due to blood; 
i.e., subtracting out the poition of the effect that is due to die background tissue. 
Naturally occurring variations in blood volume due to the actions inherent in the 
10 cardiac cyde are used by measuring the plethysmographic signals. In the 

previously-discussed small signal approach, a blood pressure cuff is employed to 
avoid the deleterious effects of the non-homogeneous nature of blood flow. 

A laige shift in blood is effected by the system and method described in 
connection with FIGS. 3-10. The nature of the method is such that blood flow 
15 artifact is eliminat ed. The same concept of subtracting out the background tissue 
impedance is onployed, using the equations that result ftom solving the parallel 
modeL 

The procedure requires that an initial measurement of ttie background be taken 
with the limb under examination at rest, a blood pressure cuff having been 

20 previously ^lied. The cuff is then inflated to a point that is just bdow diastolic 
blood pressure. This pressure tevel allows blood flow during the con4>lete caidiac 
cycle through the arteries; however, the cuff pressure is sufficient to provide venous 
occlusion. For puiposes of convenience, a vein may also be refened to as a non- 
pulsatile vascular compaitment. Thus, a situation has been created where whole 

25 blood is being added to the limb while outflow of blood is prevented. This serves 
to traiporaiily sequest^ an additional volume of whole blood in the vascuku- space 
of the limb. If, now, an additional measurement is taken, it becomes a simple 
matter using the aforementioned background measurement in combination with the 
additional measurement to ^ly the equations that solve the parallel modd (FIG. 

30 16) to derive the hematocrit. It has been determined that the differential signal 

magnitude that results as a consequence of this maneuver is on the orda* of 2%-S%, 
which is a significant improvement over the magnitude of the plethysmographic 
signal in comparison to the baseline. It should also be noted that the huge signal 
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appioach is a static tedmique in which the sequestered increment of blood is not 
flowing during the period of measurement. As a result, the aitifoct due to non- 
homograeous blood flow is eliminated, Fuither, because the laige signal q^ioach 
is a static technique, stimulation of the patient body portion at different frequencies 
5 may be ^ected sequentially rather than mnultaneously, via sweeping or rapidly 
sampling at the desired frequncies. 

The operation of the blood pressure cufF to ^ectuate the laige signal 
approach, is preferably controlled, as with the small signal ai^roach, by the 
microcomputer of the honatocrit detmnination apparatus. 

10 

C. Measursment of Blood Pressure 

Since the measurement setup for both the modified small signal and the laige 
signal approach involves the i^Iication of a blood pressure cuff, as well as the 
electrodes necessary for impedance measurement, the apparatus may also be used to 
IS provide for the measurement of blood pressure using a different technique than that 
which is commonly employed in present day noninvasive automatic blood pressure 
monitors. 

Current technology for automatic blood pressure monitoring generally employs 
the oscillometric approach. This involves analysis of the pressure variation in the 

20 blood pressure cuff itself that is due to pulsation in the arteries that underiay the 
cuff. Such an approach has been recognized to result in reasonably accurate values 
for systolic and mean blood pressures, but usually inaccurate values for diastolic 
blood pressure. However, the oscillometric technique has found widespread 
accq>tance due to the simplicity, from the user's point'K)f-view, of employing the 

25 cuff as both the medium of pressure application as well as the sensing device. This 
results in a favorably perceived trade-off between inaccuracy of measurement of 
diastolic pressure versus ease-of-use. 

Although the blood pressure determination technique of the invention involves 
the connection of additional interfaces to the patient, this is already being done to 

30 obtain the honatocrit noninvasivdy. Therefore, it is attractive to use the apparatus 
of the invention to also obtain a blood pressure reading that is, in fact, more 
accurate than that afforded by the oscillometric technique. 
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The measuremrat points of interest using a blood pressure cuff and impedance 
detennination electrodes and ciicuitiy are found as follows: the cuff is inflated 
initially to suppress the plethysmographic signal; as the cuff is ^flated, systolic 
pressure is the point at which the plethysmographic wavefonn reappears; as cuff 
S deflation continues, mean axt^ial pressure is the point of maxlmmn intensity of the 
plethysmogn^hic signal; as cuff deflation continues still further, diastolic pressure 
is that at which the moiphology of the plethysmographic wavefonn ceases to 
undeigo further change with continued cuff deflation. 

10 While the present invration has been described in terms of certain exemplary 

preferred embodiments, it will be readily understood and appreciated by one of 
ordinary skill in the art that it is not so limited, and that many additions, deletions 
and modifications to the preferred embodiments may be made within the scope of 
the invention as hereinafter claimed. 
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CLAIMS 

What is claimed is: 

1. A system for noninvasive detennination of hematocrit of whole blood 
in a body poftion of a patimt, the system comprising: 

5 signal generation dicuitiy that produces alternating and quadrature signals at 

various frequndes; 

processing, sensing, and application circuitcy that provides current signals 

through the body portion in refuse to the alteniating signals, and that senses the 

current signals being appUed and produces current indicating signals in response 
10 thereto, and that senses voltage signals over a section of the body poition and 

produces voltage indicating signals in response thereto; and 

processing and demodulation circuitry that receives and mixes the current 

indicating signals and the alternating and quadrature signals to produce inphase and 

quadrature current representing signals, and receives and mixes the voltage 
IS indicating signals and the alternating and quadrature signals to produce inphase and 

quadrature voltage rq)resenting signals; and 

evaluation circuitry that receives and processes the inphase and quadrature 

current rqiresenting signals and inphase and quadrature voltage rq)resenting signals 

to determine the hematocrit. 

20 

2. The syst^ of claim 1 in which the evaluation circuitry includes a 
neural networlc in which parameters of the processed inphase and quadrature current 
rq>resenting signals and iiq)hase and quadrature voltage rq)resenting signals are 
included in a ccmiparisbn with pre-gathered data to determine the hematocrit. 

25 

3. The syston of claim 2 in which parametera regarding the pati^it are 
also included in the comparison. 



4. The system of claim 2 in which the pre-gathered data includes 
30 parameters regarding processed inphase and quadrature current rq>resenting signals 
and inphase and quadrature voltage representing signals of various persons otter 
than the patient. 
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5. The system of daim 1 in which the system is used with numerous 
patients to develop a group of hematocrit data. 

6. The syston of claim 1 fuithn comprising a blood flow restriction 
S device for restricting flow of blood in the body portion, thereby allowing blood 

volume in the body portion to change between at least a first and a second volume; 
and in which the processing, sensing, and application circuitry produces current 
indicating signals and voltage indicating signals for at least the first and second 
volumes. 

10 

7. The system of claim 5 in which the blood flow restriction device 
includes a pressure cuff. 

8. The system of claim 1 in which the body portion includes a portion of 
IS a finger of the patient 

9. The system of claim 1 in which the various frequencies range from 
10 kHz to 10 MHz. 

20 10. The system of claim 1 in which the processing and demodulation 

circuitry is induded in a microprocessor system. 

11. The systm of claim 1 in which the signal generation cireuitiy is 
included in a microprocessor system. 

25 

12. The system of claim 1 in which the processing and demodulation 
circuitry and the signal generation circuitry are included in a microprocessor 
system. 



30 



13. The system of claim 1 in which the processing, sensing, and 
plication circuitry includes a switch through which the voltage indicating signals 
and currrat indicating signals alternatively pass. 
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14. The system of claim 1 in which the processing and dmodulation 
ciicoitiy includes low pass filtns and the inpbase and quadrature currmt 
representing signals, and inphase and quadrature voltage representing signals are 
provided at ouQiuts of the low pass filters. 

5 

15. A systm for noninvasive determination of hnnatocrit of whole blood 
in a body poition of a patient, the systrai comprising: 

signal generation circuitiy that produces alternating signals at various 
frequencies and out-of-phase signals with respect to the alternating signals; 

10 processing, s^ing, and ai^lication circuitry that provides current signals 

through the body portion in response to the alternating signals, and that senses the 
current signals being qiplied and produces currmt indicating signals in refuse 
thereto, and that senses voltage signals over a section of the body poition and 
produces voltage indicating signals in response thereto; and 

IS processing and draiodulation circuitry that receives and mixes the cunent 

indicating signals and voltage indicating signals and the alternating and out-of-phase 
signals to produce inphase and out-of-phase current iq>resenting signals and inphase 
and out-of-phase voltage rq>resenting signals; and 

evaluation circuitry that receives and processes the inphase and out-of-phase 

20 current rq>resenting signals and iiq[>hase and out-of-phase voltage rq>resenting 
signals to determine the hematocrit. 

16. The system of claim IS in which the evaluation circuitry includes a 
neural network in which parameters of the processed inphase and out-of-phase 

2S current rq>resenting dgnals and inphase and out-of-phase voltage riq>resenting 
signals are included in a comparison with pre-gathered data to determine the 
hematocrit. 

17. The system of claim 16 in which parameters regarding the patient are 
30 also included in the comparison. 
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18. The system of claim 16 in which die pr&-gath«ed data includes 
paxameteis regarding processed inphase and out-of-phase cuneot representing 
signals and iiq>hase and out-of-phase voltage representing signals of other persons. 



5 19. The system of claim IS further comprising a blood flow restriction 

device for restricting flow of blood in the body portion, thm^y allowing blood 
volume in Oie body portion to change between at least a first and a second volume; 
and in which the processing, sensing, and application circuitiy produces current 
indicating signals and voltage indicating signals for at least the first and second 

10 volumes. 

20. The Systran of claim IS in which the processing, sensing, and 
application drcuitiy includes two outer electrodes and two inner electrodes applied 
to the body portion of the patirat, and the current signals are applied through the 

15 two outer dectrodes and the voltage signals are sensed through the two inner 
electrodes. 

21. The Systran of claim IS in which the processing, sensing, and 
application circuitry includes two outer electrodes and two inner electrodes i^lied 

20 to the body portion of the patient, and the cunent signals are applied through the 
two inner electrodes and the voltage signals are sensed through the two outer 
electrodes. 



22. The system of claim IS in which the out-of-phase signals are 
2S quadrature signals with respect to the alternating signals. 

23. A system for noninvasive determination of hematocrit of whole blood 
in a body portion of a patirat, the system comprising: 

signal generation means for producing alternating and quadrature signals at 
30 various frequencies; 

processing, sensing, and application means for providing current signals 
through the body portion in response to the alternating signals, and sensing the 
current signals being applied and producing current indicating signals in response 
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thereto, and sensing voltage signals over a section of the body portion and 
producing voltage indicating signals in response thneto; and 

processing and demodulation means for receiving and mixing the current 
indicating signals and the alternating and quadrature signals to produce inphai^ and 
5 quadrature current representing signals, and recdving and mixing the voltage 

indicating signals and the alternating and quadrature signals to produce ixiphase and 
quadrature voltage rq)resenting signals; and 

evaluation means for reodving and processing the inphase and quadrature 
current representing signals and inphase and quadrature voltage rq>resenting signals 
10 to determine the hematocrit. 

24. The system of claim 23 in which the evaluation means includes a 
nmral network in which parameters of the processed inphase and quadrature current 
rqireseating signals and ii^hase aiul quadramre voltage rq)resenting signals are 

IS included in a comparison with pre-gathered data to determine the hematocrit. 

25. The system of claim 24 in which parameters regarding the patient are 
also included in the comparison. 

20 26. The system of claim 24 in which the pre-gathered data includes 

param^rs regarding processed inphase and quadrature current rq>resenting signals 
and inphase and quadrature voltage rq)re5CTtuig signals of other persons. 

27. The system of claim 23 further comprising a blood flow restriction 
25 means for restricting flow of blood in the body portion, thereby aUowing blood 

volume in the body portion to change between at least a first and a second volume; 
and in which the processing, sensing, and application means produces currrat 
indicating signals and voltage indicating signals for at least the first and second 
volumes. 

30 

28. A method for noninvasive determiiuition of hematocrit of whole blood 
in a body portion of a patimt, the systrai comprising: 
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injecting altemadqg cuirait signals having various ftequencies into the body 
portion at diifeient blood volumes, the injected alteinating current agnals being 
responsive to generated alternating signals having the various frequencies; 

providing current indicating signals represratative of the cuimit signals 
S injected into the body portion; 

measuring voltage signals across a section of the body portion through which 
the current agnals pass; 

providing voltage indicating signals representative of the measured voltage 
signals; 

10 mixing the current indicating signals with the gmeiated alternating sigmds and 

with quadrature signals to produce inphase and quadrature current representative 
signals; 

mixing the voltage indicating signals with the gyrated alternating signals and 
with quadrature signals to produce iiq>hase and quadrature voltage representative 
15 signals; and 

determining the hematocrit by considering parameters of the inphase and 
quadrature current rq)resentative signals and the iiq>hase and quadrature voltage 
r^resentative signals. 

20 29. The method of claim 28 in which the step of determining the 

hematocrit includes ra^>loying a neural network in which parameters of the 
processed inphase and quadrature current rq>resenting signals and inptm^ and 
quadrature voltage rq>resenting signals are included in a comparison with pre- 
gathered data to determine the hraiatocrit. 

25 

30. A system for developing a group of data with which a hematocrit of 
whole blood of a particular patient may be d^rmined, the system comprising: 

signal generation circuitry that produces alternating and quadrature signals at 
various frequencies; 

30 processing, sensing, and application cireuitry that provides curroit signals 

through a body portion of numerous patients in response to the alternating signals, 
and that seoses the current signals being applied and produces curvmt indicating 
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agnals in le^xmse thereto, and that srases voltage signals over a section of the 

body poition and pioduces voltage indicating signals in response thereto; and 
pxocessing and demodulation cirouitry that receives and mixes the ciurent 

indicating signals and the alternating and quadrature signals to produce inphase and 
S quadrature current representing signals, and receives and mixes the voltage 

indicating signals and the alternating and quadrature signals to produce inphase and 

quadratu re voltage representing signals; and 

evaluation dicuitiy that receives and processes the inphase and quadrature 

current representing signals and iiq>hase and quadrature voltage rq>resrating signals 
10 and compares parameters of the inphase and quadrature current r^resenting signals 

and iiq>hase and quadrature voltage representing signals with various pre-gathered 

data to produce the group of data. 

31. An apparatus for noninvasive determination of the relative 
15 volume percent of erythrocytes, also termed the hematocrit, of whole blood having 
an impedance, comprising: 
means for producing a constant current at a first low and at least one second high 
carrier wave frequracies, said first low frequency being below a frequency 
zone within which said erythrocytes significantly affea the magnitude of the 
20 impedance of said whole blood, and said at least one second high frequency 

being within said frequency zone; 
means for stimulating a patient body poition including at least one pulsatile vascular 
compartment containiAg said whole blood with said first low and said at least 
one second high frequency current; 
25 means for sensing voltage signals at each of said first low and said at least one 
second high carrier wave frequencies across said stimulated patient body 
portion; 

means for amplifying said sensed voltage signals; 

means for demodulating said amplified, sensed voltage signals to produce at least two 
30 complex waveforms respectively proportional to the magnitude of impedance 

of said whole blood at said first low and said at least one second high carrier 
wave frequencies; and 
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means for processiqg said conqilex wavefonns to detenuine said hematocrit of said 
whole blood. 



32. The ^)panitiis of daim 1, wheidn said means for producing a constant 
5 current at said first low and said at least one second Ugh earner wave frequencies 
comprises a signal generator in combination with a constant cuirent amplifier, and 
said means for processing determines said first low and said at least one second 
high carrier wave frequrades. 

0 33. The appaatus of claim 32, wherein said signal generator includes a 

first and a second adder paired respectively with a first and a second sine/cosine 
look-up table, to produce each of said first low and said at least one second high 
carrier wave frequencies. 

5 34, Tbe appaiaxus of claim 33, wherein said first and second look-up tables 

each produce a sine ouq>ut, and said signal generator further includes a thiid adder 
for summing said outputs and an analog-to-digital convener for converting said 
summed sine outputs to the digital domain for receipt by said constant cuirent 
amplifier. 

0 

35. The apparatus of claim 32, whei«n said signal generator genoates a 
voltage waveform for conversion by said constant current amplifier to a constant 
current source. 

S 36. The q)paiatus of chum 31, wherein said means for amplilying 

comiwises a voltage detector. 

37. The apparatus of claim 36, whernn said voltage detector comprises an 
instiumaitation aiopVifier with ccnnmon mode rejection. 



38. Hie iQiparatus of claim 31 , whodn said means for demodulating 
comprises a signal generator and dnnodulator. 
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39. The apparatus of claim 38» whernn said signal graerator includes a 
first and a second adder paired, respectively, with a first and a second sine/cosine 
look-up table, to pixxluce each of said first low and said at least one second high 
carrier wave frequencies. 

5 

40. The apparatus of claim 38, wheran said signal demodulator includes a 
paired low-pass filter and an analog-to-digital converter for receiving said amplified 
voltage signals. 

10 41. The apparatus of claim 40, wherein said signal demodulator further 

includes a first, second, third and fourth mixer paired, respectively, with a first, 
second, ttiird and fourth digital low-pass filter, each of said mixer/filter pairs 
receiving the output of said paired low-pass filter and analog-to-digital convener and 
one of a first sine ouqiut or a first cosine output from said first look-up table or a 

IS second sine ou^ut or a second cosine output from said second look-up table, said 
paired mixers and digital low-pass filters outputting said two complex waveforms. 

42. The q>panitus of claim 31, wherein said first low carrier wave 
frequency lies at about 100 kHz, and said at least one second high carrier wave 

20 frequency lies within the range from about 10 MHz to about 20 MHz. 

43. The apparatus of claim 31, further comprising means for selectively 
occluding said pulsatile vascular compaitment. 

25 44. The apparatus of daim 43, wherein said selective occlusion comprises 

paitial occlusion. 

45. The apparatus of claim 44, wherein said selective occlusion comprises 
substantially total occlusion. 

30 

46. The apparatus of claim 43, wherein said means for selectively 
occluding comprises an inflatable cuff surrounding said patient body portion. 
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47. The apparatus of claim 46, wherein said selective occlusion is 
peif onned by pressurizing said cuff in the region of the mean pressure of said 
pulsatile vascular compaitmrat. 

5 48. The apparatus of claim 43, wherein said means for selectively 

occluding is located on said patient body portion proximate said means for 
stimulating and said means for sensing. 

49. Hie apparatus of claim 43, wherein said means for selectively 
10 occluding is controlled by said means for processing. 



50. The apparatus of claim 31, wherein said patient body portion further 
includes at least one non-pulsatile vascular compartment, and said 2Q)paratus further 
includes means for selectively occluding said at least one non-pulsatile vascular 
IS compartment while said at least one pulsatile vascular compartment remains 
unoccluded. 



20 



51. The apparatus of claim SO, wherein said means for selectively 
occluding comprises an inflatable cuff surrounding said patient body portion. 

52. The apparatus of claim SO, wherein said means for selectively 
occluding is controlled by said means for processing. 



53. The ^yparatus of claim 31, further comprising means for compensating 
25 for non-homogmeous flow of said whole blood through said pulsatile vascular 
compaitment in determining said hematocrit of said whole blood. 



54. The apparatus of claim 31, further comprising means for detennining 
blood pressure of said whole blood in said pulsatile vascular compaitment. 

30 

55. The apparatus of claim 54, whraein said means for determining said 
blood pressure includes means for selectively occluding said pulsatile vascular 
compartment. 
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56. The q^paratus of claim SS» wherein said means for selectively 
occluding said pulsatile vascular compartment is controUed by said means for 
processing to completely occlude said vascular compartment, and to subsequently 
reduce said comply occlusion by a degree sufficient to induce the appearance of a 
5 plethysmographic waveform signal at said means for sensing, to further reduce said 
occlusion by a d^ree sufficient to maximize the intensity of said plethysmographic 
waveform signal, and to still further reduce said occlusion until said 
plethysmographic waveform undergoes no further change. 

10 57. The apparatus of claim 56, wherein said appearance of said 

plethysmographic waveform is indicative of systolic pressure of said pulsatile 
vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsatile vascular compartment, and 
said point at which said pl^y^ographic waveform ceases to change is indicative 

IS of diastolic pressure of said pulsatile vascular compartment. 

58. The sq>paratus of claim 57, wherein said means for selectivdy 
occluding comprises a cuff disposed about said patient body portion and inflatable to 
a pressure sufficirat to occlude said pulsatile vascular compartment, and said 
20 indication of said systolic, mean and diastolic pressure of said pulsatile vascular 

compartment is correlated to the actual systolic, mean and diastolic pressures of said 
vascular compartment by pressure transduce means associated with said cuff, the 
output of which is converted by said processing means to said actual pressures. 

25 59. The apparatus of claim 31 , wherein said means for 

producing a constant current comprises means for producing said current at a 
plurality of said second high carrier wave frequmcies. 

60. The apparatus of claim 31, wherein said means for processing 
30 complex waveforms employs the magnitudes thereof to determine said hraiatocrit of 
said whole blood. 
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61. The q^saratus of claim 31, wherein said means for processing said 
complex wavefonns employs the magnitudes and phases thereof to detennine said 
hematocrit of said whole blood. 

5 62. The apparatus of claim 31, wherein said first low carrier wave 

frequency lies at about 100 kHz, and said at least one second high carrier wave 
frequency lies between 100 IsHz and about 10 MHz. 

63. A method for noninvasive determination of the relative volume percent 
10 of erythrocytes, also termed the hematocrit, of whole blood having an impedance, 
comprising: 

producing a constant current at a first low and at least one second high carrier wave 
frequencies, said first low frequency being below a frequency zone within 
which said erythrocytes significantly affect the magnitude of the impedance of 
IS said whole blood, and said at least one second high frequency being within 

said frequency zone; 

stimulating a patirat body portion including at least one pulsatile vascular 

compartment containing said whole blood with said first low and said at least 
one second high frequency currait; 
20 sensing voltage signals at each of said first low and said at least one second high 
carrier wave frequencies across said stimulated patient body portion; 

amplifying said sensed voltage signals; 

demodulating said amplified, sensed voltage signals to produce at least two complex 
waveforms respectively proportional to the magnitude of impedance of said 
25 whole blood at said first low and said at least one second high carrier wave 

frequencies; and 

processing said complex waveforms to detennine said hematocrit of said whole 
blood. 



30 64. The apparatus of claim 63, fuither comprises producing said current at 

a plurality of said second high carrier wave frequencies. 
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65. The method of claim 63» wherein processing said complex wavefoims 
employs the magnitudes thereof to det^mine said hraiatocrit of said whole blood. 

66. The method of claim 63, wherdn processing said complex wavrfonns 
5 employs the magnitudes and phases thereof to detennine said hematocrit of said 

whole blood. 

67. The qipaiatus of claim 63, wherein said first low carrier wave 
frequency lies at about 100 kHz, and said at least one second high carrier wave 

10 frequency lies within the range from about 10 MHz to about 20 MHz. 

68. The method of claim 63, wherein said first low carrier wave frequracy 
lies at about 100 kHz, and said at least one second high carrier wave frequency lies 
between 100 kHz and about 10 MHz. 

15 

69. The method of claim 63, further comprising selectively occluding said 
pulsatile vascular compaitmrat. 

70. The method of claim 69, wherein said selective occlusion comprises 
20 partial occlusion. 

71. The method of claim 69, wherein said selective occlusion comprises 
substantially total occlusion. 

25 72. The method of claim 69, wherein said selective occlusion is effected by 

applying pressure about said pulsatile vascular compaitmoit in the region of the 
mean pressure of said pulsatile vascular compaitment. 



30 



73. The method of claim 69, wherein said selective occlusion is effected on 
said patient body poition proximate locations thereon wherein said stimulating and 
said sensing are perfoimed. 
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74. The method of daim 63, wherein saklpatiatt body poition fu^ 
includes at least one non-pulsatile vascular compaxtment, and said method fiuther 
includes selectivdy occluding said at least one non-pulsatile vascular oompaitment 
while said at least one pulsatile vascular compaitment remains unoccluded. 

5 

75. The method of claim 63, further comprising compensating for 
non-homogoieous flow of said whole blood through said pulsatile vascular 
compartment in determining said hematocrit of said whole blood. 

0 76. The method of claim 63, further comprising determining blood 

pressure of said whole blood in said pulsatile vascular compartment. 

77. The method of claim 76, wherein said determining said blood pressure 
includes selectively occluding said pulsatile vascular compartment. 

5 

78. Tbst method of claim 77, wherein said selective occhision of said 
pulsatile vascular compartment for determination of blood pressure includes 
completely occluding said vascular compartment, subsequenUy reduciiig said 
complete occlusion by a degree sufficient to induce the appearance of a 

0 plediysmographic waveform signal, to further reduce said occhision by a degree 
sufficient to maximize the intensity of said plethysmogiaphic waveform signal, and 
to stiU further reduce said occlusion untU said plethysmographic wavefonn 
undergoes no further change. 



25 79. The apparatus of daim 78, wherein said appeatance of said 

plethysmographic waveform is indicative of systoUc pressure of said pulsatile 
vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsaiUe vascular compartment, and 
said point at which said plethysmographic wavefonn ceases to change is indicative 

30 of diastolic pressure of said pulsatile vascular compaitmoit. 

80. The method of claim 79, further including selectively occluding using a 
cuff disposed about said patient body portion and inflatable to a pressure sufficient 
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to occlude said pulsatfle vascular compaitmoit, and said indication of said systolic* 
mean and diastolic piessuie of said pulsatUe vascular compaitment is correlated to 
the actual systolic, mean and diastolic pxessures of said vascular cooipartment by 
pressure transduce means associated with said cuff, the output of which is 
S processed to said actual pressures. 



81. An apparatus for determining blood pressure in a pulsatile vascular 
compaitment of a patient body portion containing whole blood, comprising: 
means for producing a constant cunent at a carrier wave frequency; 
10 means for stimulating said patient body portion including said pulsatile vascular 
compaitment containing said whole blood with said constant cunent; 
means for sensing a voltage signal at said carrier wave frequency across said 

stimulated patient body portion; 
means for amplifying said sensed voltage signal; 
15 means for demodulating said amplified, sensed voltage signal to produce a 
plethysmographic waveform signal; 
means for sensing the existence, magnitude and shape of said plethysmographic 
waveform signal; 

means for selectively occluding said pulsatile vascular compartmrat to completely 
20 occlude said vascular compartment and suppress said plethysmogi^hic 

waveform signal, to subsequently reduce said complete occlusion by a degiee 
sufficient to induce the appearance of said plethysmographic wavefonn signal, 
to further reduce said occlusion by a degree sufficient to maximize the 
intensity of said plethysmographic wavefoim signal, and to still further reduce 
25 said occlution until said plethysmogn^hic wavefonn undergoes no further 

change. 



82. The apparatus of claim 81, wherein said appearance of said 
plethysmographic wavefonn is indicative of systolic pressure of said pulsatile 
30 vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsatile vascular compartment, and 
said point at which said plethysmographic waveform ceases to change is indicative 
of diastolic pressure of said pulsatile vascular compartment. 
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BS. The qypaiatus of claim 82, wherein said means for selectiveiy 
occluding comprises a cuff disposed about said patient body portion and inflatable to 
a piessuie sufYicirat to occlude said pulsatile vascular compaitmmt, and said 
indication of said sjrstolic, mean and diastolic pressure of said pulsatile vascular 
S compaitmrat is correlated to the actual systolic, mean and diastolic pressures of said 
vascular compaitmrait by pressure transducer means associated with said cuff. 



84. A method of compensating for non-homogmeous blood flow in a 
pulsatile vascular compaitment of a patient body portion to rahance the accuracy of 

10 d^ection of a blood-related parameter at said patient body portion, comprising: 
occluding said pulsatile vascular compartment during at least a portion of the cardiac 
cycle of said patient while detecting said blood-related i>arameter. 

85. The method of claim 84, wherein said occlusion further comprises 
IS application of pressure to said pulsatile vascular compartmrat in the region of the 

mean pressure thereof. 



86, A method of compensating for non-homogeneous blood flow in a 
pulsatile vascular compartment of a patient body portion to enhance the accuracy of 
20 detection of a blood-related paramrter at said patient body portion, said patient body 
portion also including a non-pulsatile vascular compartment, said method 
comprising: 

applymg pressure to said patient body portion sufficient to occlude said non-pulsatile 
vascular compartment while permitting blood flow through said pulsatile 
25 vascular compartment and detecting said blood-related parameter. 
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